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Changes in intracellular sodium during the hydroosmotic response to
vasopressin. During vasopressin (VP)-induced water movement, toad
urinary bladder epithelial cells undergo unique morphological changes.
The osmolality within these responding cells remains relatively stable
despite the large transcellular transport of water. We hypothesized that
the hydroosmotic response to VP may be associated with a net increase
in sodium either as an aid in maintaining the intracellular osmolality or
as part of a Na-Ca exchange process. Changes in intracellular sodium
(Na1) were monitored over time in individual hemibladders using 23Na
NMR. Hemibladders were mounted as bags on glass pipets and filled
with deionized water. During NMR studies, the serosal bath consisted
of aerated 2.4 mr,i HCO3 amphibian Ringer's (pH 8.1) made up with
15% D20 containing the shift reagent, dysprosium tripolyphosphate (1
mM). This reagent allowed for visualization of Na, by shifting the
extracellular Na signal; it did not affect basal or VP stimulated water
flow, short-circuit current, or high energy phosphate metabolism as
seen by 31P NMR. Changes in Na1 were determined by integrating the
area under the unshifted Na peak at each measurement and expressing
differences as a ratio relative to baseline. The initial Na1 signal from
unstimulated hemibladders remained stable in these tissues over at least
180 minutes. Within 30 minutes of VP (20 mU/mi) exposure, however,
the Na1 peak increased 2.47 times above pretreatment baseline (N = 16,
P < 0.001). The Na1 signal returned toward baseline values with
removal of VP from the serosal bath but only after approximately 90
minutes. When change in cell shape and water movement were pre-
vented by having isotonic sorbitol in the mucosal bath, VP produced no
change in the Na1 signal (N = 10). Thus, Na1 rose during peak
VP-stimulated water flow in parallel with the changes in cell shape. The
Na most likely originated from the serosal bath since no Na was present
in the mucosal bath.
The hydroosmotic response to vasopressin is associated with
a rather specific change in the shape of the epithelial cells
conducting water transport. In the toad urinary bladder, gran-
ular epithelial cells assume a funnel shape during peak water
flow, with the long narrow portion of the cell along the
basolateral membrane [1]. Intermediate sized filaments running
through the cell form a cytoskeletal framework maintaining the
funnel shape of the cell during water flow. The apical segment
of the cell, nearest the urinary space, appears to have a lower
ionic concentration consistent with water entry through the
particle aggregates inserted into the apical membrane [2, 3].
Interestingly, this decrease in ionic concentration is relatively
restricted to the apical portion of these cells if the cells are first
exposed to a dilute mucosal solution and then stimulated with
vasopressin [4, 5]; the mitochondria nearest the base of the cell
do not swell during peak water flow [1, 21. The maintenance of
cellular osmolality in the presence of cell swelling may be
explained by a "volume regulatory" uptake of ions from the
serosal bath. Such an influx of ions including sodium could aid
in maintaining the osmolality at the base of the water transport-
ing cell. There is indirect evidence for sodium dependent ion
exchange process(es) along the basolateral membrane of am-
phibian epithelial cells [6—10]; these process(es) may be affected
by vasopressin or osmotically induced changes in cell volume.
Importantly, vasopressin-induced water movement is depen-
dent upon the presence of sodium in the serosal bathing medium
[6].
In addition to the cell volume related mechanisms, an elec-
troneutral sodium-calcium ion exchange process has been pro-
posed, located along the basolateral membrane of uroepithelial
cells including the toad urinary bladder [11, 12]. Sodium-
calcium ion exchange appears to play a significant role in
maintaining intracellular calcium ion activity in many types of
cells [13]. Since vasopressin stimulation and osmotically in-
duced changes in cell volume may be associated with a transient
increase in cytosolic calcium ion activity in epithelial cells [14,
151 and the rise in calcium may mediate cell volume changes
[161, it is conceivable that an uptake of sodium could be one
step in preserving intracellular calcium ion homeostasis.
Given the above observations, we hypothesized that vaso-
pressin may induce an increase in intracellular sodium ion
activity. In these studies, we report the use of 23Na NMR to
assess changes in total intracellular sodium in toad urinary
bladders actively undergoing vasopressin-stimulated water
flow. Using this technique, we have demonstrated that sodium
does indeed increase in toad bladder epithelial cells during
active vasopressin-stimulated water movement.
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Dominican toads (Bufo marinus) were obtained from Na-
tional Reagents (Bridgeport, Connecticut, USA). The toads
were stored in plastic cages containing platforms and fresh
water. The animals were force-fed a dilute solution of pureed
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Fig. 1. Effect of the shift reagent, dysprosium
tripoiyphosphate, 1 misi on short-circuit current.
Symbols are: (-•-) experimental; (-0-) control.
The dysprosium tripolyphosphate was added to
the serosal bath only. The shift reagent produced
a small initial increase in basal short-circuit
current but had no effect on the vasopressin
response. A higher concentration of dysprosium
tripolyphosphate (2.5 mM) in the serosal bath had
no effect initially, but depressed on the short-
circuit current after 45 minutes of exposure.
dog food weekly. Toads were sacrificed by pithing on the day of
the experiment. Vasopressin was purchased from Park, Davis
and Company (Detroit, Michigan, USA).
At the time of sacrifice, each hemibladder was removed and
tied to a glass pipet. The mucosal surface or inside of the
hemibladder was rinsed twice and filled with 5 ml of deionized
water. The hemibladder suspended from the glass pipet was
then placed in 50 ml of amphibian Ringer's solution (sodium
114, potassium 3.2, bicarbonate 2.4, chloride 116.4, calcium
1.78 mEq/liter; osmolality 218 mOsm/kg water; pH 8.1 when
bubbled with air).
In selected experiments, the hydroosmotic response to vaso-
pressin was determined gravimetrically on the hemibladders
suspended from the pipets using the Bentley bag technique [6],
and sodium transport across the toad urinary bladder was
determined using the short-circuit current technique of Ussing
and Zerahn [171. With the short-circuit current experiments,
toads were sacrificed as described above, but hemibladders
were mounted onto lucite chambers. Both surfaces of the
mounted bladder were bathed in an aerated amphibian Ringer's
solution at pH 8.1. In the short-circuit current experiments,
results were expressed as a ratio SCCt/SCCt0 where SCCt is the
value at a given time t and SCCtO is the value obtained at time
prior to any exposure to drugs or hormone.
The intracellular sodium ion measurements were conducted
within the Department of Chemistry at Brown University using
a Bruker AM400 Fourier transform nuclear magnetic resonance
spectrometer. In the protocol, an individual hemibladder sus-
pended from the glass pipet with deionized water in the mucosal
bath was placed in either a 10 or 20 mm NMR tube containing
aerated amphibian Ringer's solution made up with 15% D20 for
a field frequency lock. Qualitative changes in intracellular
sodium ion were assessed with an operating frequency for 23Na
of 105.8 MHz, a 90 degree pulse angle, and a recycle time of 0.5
seconds. Spectra were collected over approximately 2.6 min-
utes (320 scans). In order to assess changes in intracellular
sodium ion, the signal from the extracellular sodium must be
separated or shifted from the intracellular sodium signal. When
present in the bathing medium, dysprosium tripolyphosphate
shifted the extracellular sodium signal between one and three
parts per million upfield. During the 23Na NMR studies, hemi-
bladders were placed into either a 10 or 20 mm NMR tube
containing aerated Ringer's solution with 15% D20 and 1 m
dysprosium tripolyphosphate. Unless otherwise indicated, tis-
sues were only exposed to the D20 and shift reagent when the
sodium measurement was to take place in the spectrometer,
altogether approximately five minutes; at all other times they
were bathed in the standard amphibian Ringer's solution.
Qualitative changes in cell high energy phosphates after expo-
sure to the shift reagent, dysprosium tripolyphosphate 1 mrsi
were made using 31P NMR. The operating frequency for 31P
NMR was 162 MHz with a 90 degree pulse angle and a recycle
time of 1.5 seconds. Spectra were obtained over 40 minutes
(1600 scans) and were processed with a line broadening of 40
Hz. Changes in high energy phosphates and intracellular so-
dium were evaluated by integrating the area under each of the
identified 31P or 23Na peaks and comparing the result to baseline
readings.
All data were analyzed using Student's t-test and were
expressed as the mean the standard error.
Results
The shift reagent, dysprosium tnpolyphosphate 1 m, had no
effect on basal or vasopressin-stimulated water movement
(basal water flow: dysprosium exposed bladders 0.6 1 mg/mm
vs. control 1.2 0.3 mg/mm, and vasopressin-stimulated water
flow: dysprosium exposed bladders 49.8 2.7 mg/mm vs.
control 52.3 2.5 mg/mm). Dysprosium tripolyphosphate 1 m
in the mucosal bathing medium did not affect either basal or
vasopressin-stimulated short-circuit current over the period of
120 minutes of continuous exposure (N = 6). In contrast, the
same concentration of the shift reagent in the serosal bath
produced a small transient but statistically significant increase
in the basal short-circuit current after 15 and 30 minutes of
exposure (23 5%, P < 0.01 and 25 8%, P < 0.02 over
control values respectively, N 7; Fig. 1). By 45 minutes, the
short-circuit current was again at basal levels. The vasopressin-
stimulated increase in short-circuit current was unaffected by
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Fig. 2. 31P NMR spectra of hemibladders. Spectra
(1600 scans each) from 4 experimental and 4 paired
control hemibladders were added and are shown.
High energy phosphates (ATP and creatine
phosphate) were not altered by the presence of
dysprosium tripolyphosphate I mM in the serosal
bath for periods of 30 to 45 minutes. The light line
represents tissues exposed to the shift reagent while
the darker line depicts control tissues. Significant
—r background "noise" was observed in these
experiments due to the sensitivity to the instrument
and small mass of the bladders (under 100
grams/bladder).
the presence of dysprosium tripolyphosphate 1 mat in the
serosal bath. A higher concentration of dysprosium tripoly-
phosphate (2.5 mM) in the serosal medium had no effect on
basal short-circuit current after 15 and 30 minutes of exposure
but decreased short-circuit current at 45 and 60 minutes by 51
6 and 35 4% of control values, respectively (N = 6; P <
0.001).
Qualitative changes in high energy phosphates were next
assessed in the presence or absence of dysprosium tripolyphos-
phate 1 mat. As seen in Figure 2, no significant changes in either
the three ATP peaks or the creatine phosphate peak were noted
in the tissues preincubated for 30 minutes with dysprosium
tripolyphosphate compared to controls (N = 4 paired observa-
tions).
To establish a reference for the method, 23Na NMR determi-
nations were next made in toad bladders under conditions
previously known to change intracellular sodium. This series
was conducted in the absence of vasopressin. The intracellular
sodium signal from bladders bathed for 30 minutes in a serosal
solution of 2.4 mat sodium isotonic Ringer's (choline as the
major cation) fell to 57 11% of pretreatment values (N 5).
Resuspension of the bladders in a standard 114 mEq/liter
sodium Ringer's solution for 30 to 45 minutes was associated
with a return of the intracellular sodium signal to baseline
values. In a separate experiment, bladders were placed in a
serosal bath of standard amphibian Ringer's solution containing
ouabain (10—s at) for 60 minutes. The intracellular sodium signal
from the ouabain exposed bladders increased by 41 11% ov.er
pretreatment baseline values (N = 5). Using electron micro-
probe analysis, a comparable increase in the intracellular so-
dium signal (-'-34%) has been observed in toad bladder granular
epithelial cells exposed to ouabain 10—2 M in the serosal bath
and a sodium-free Ringer's solution in the mucosal bath [18].
Thus, 23Na NMR was able to appreciate major changes in total
intracellular sodium.
In the absence of any vasopressin, the intracellular sodium
ion signal remained constant when observed with serial hourly
measurements for periods up to 180 minutes. In the presence of
a maximal mucosal to serosal osmotic gradient (deionized water
in the mucosal bath), bladders exposed to vasopressin 20
mU/mi in the serosal bath for 30 to 45 minutes were found to
increase their intracellular sodium signal by 2.47 0.25 fold
over baseline (N -= 16; P < 0.001). When the mucosal to serosal
osmotic gradient was eliminated by placing an isotonic solution
of sorbitol in the mucosal bathing medium, the intracellular
sodium signal did not significantly increase after 30 to 45
minutes of vasopressin exposure, remaining just 1.17 0.13
over baseline (N 10). Thus, the change in intracellular sodium
signal was only observed under conditions where vasopressin
induced change in cell shape and water movement occurred
(Fig. 3).
An increase in the intracellular signal observed during vaso-
pressin-induced water flow could also be explained by either
incomplete equilibration of the shift reagent along the serosal
membrane or a backflux of sodium into the mucosal bath. In
both cases, the dysprosium tripolyphosphate would not have
complete access to extracellular sodium. To test these hypoth-
eses, hemibladders were filled with deionized water, stimulated
with vasopressin, and exposed to 3H-inulin in the serosal bath
for 5, 30, or 90 minutes. We reasoned that the time inulin
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(molecular weight of over 5000) takes to reach a steady state
distribution would parallel the time the dysprosium tripolyphos-
phate (molecular weight of only 376.95) would follow. The
inulin space calculated from the serosal surface and expressed
as a percent of total tissue wet weight was 9.04 1.09 at five
minutes (N = 8), 10.26 0.79 at 30 minutes (N = 9), and 12.36
0.69 at 90 minutes (N = 5), with no statistical difference noted
between the 5 and 30 minute readings and between the 30 and 90
minute readings. In additional separate studies, the osmolality
of the mucosal bathing solution from six representative blad-
ders serially exposed to dysprosium during an NMR experiment
was determined by freezing point depression (Advanced Digi-
matic Osmometer model 3D2, Needham, Massachusetts,
USA). At the end of the Na1 measurement, the osmolality was
0 mOms/kg H20. In five additional experiments, the sodium
concentration from the mucosal bath was also measured using a
flame photometer (Instrumentation Laboratory model 143, Lex-
ington, Massachusetts, USA) and was 0 mEq/liter. Thus back-
flux of sodium into the mucosal bath was an unlikely prospect.
The next series of experiments was designed to examine
whether the increase in the intracellular sodium observed
during the hydroosmotic response would return toward baseline
when the vasopressin was removed, and if so, over what time
period. Baseline and observations after 45 minutes of vasopres-
sin exposure were made as described above noting the increase
in the intracellular sodium signal. At the completion of these
measurements, bladders were transferred into fresh Ringer's
solution without the presence of any vasopressin and the
bladder mucosal bath was replaced with 5 ml of fresh deionized
water. Measurements of intracellular sodium were taken ap-
proximately every 45 minutes thereafter to assess changes in
intracellular sodium signal following the removal of the hor-
mone. As seen in Figure 4, a representative experiment, the
intracellular sodium signal returned toward baseline but only
after approximately 90 minutes after removal of the hormone
from the serosal bathing medium.
Discussion
Assessments of intracellular ion activity are generally tech-
nically difficult and may not allow for companion measurements
1.0 0.0 —1.0 —2.0 —3.0 —4.0
PPM
Fig 4. Effect of vasopressin on intracellular sodium. 23Na NMR spec-
tra from a representative hemibladder is shown. The smaller unshifted
peak is the intracellular signal in each case. Note the change in the size
of the intracellular sodium peak (Na1) following vasopressin exposure.
The intracellular sodium peak returned to near baseline after vasopres-
sin was removed from the serosal bath, but only after a period of more
than 90 minutes.
of the physiologic response. In the case of intracellular sodium
activity, measurements have been made in isolated tubules and
in frog skin using microelectrodes introduced into the cytosol of
selected cells [91. Electron probe analysis also has been used to
measure intracellular sodium in frog skin and toad bladder [5, 8,
18]. Unfortunately, the toad unnary bladder does not lend itself
to microelectrode measurements and electron probe analysis
must be performed on processed tissue, thus making serial
measurements in the same bladder during a hormonal response
impossible. Nuclear magnetic resonance scanning has offered
the ability to obtain serial qualitative measurements of pH and
high energy phosphates (31P NMR) or sodium (23Na NMR) in
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Fig. 3. Effect of vasopressin on intracellular sodium in the presence
and absence of water movement. Symbols are (-U-) water; (-•-)
sorbitol. Vasopressin exposure was associated with a clear and revers-
ible increase in the intracellular sodium signal when the mucosal
solution was deionized water, but not when the mucosal bath was
isotonic sorbitol (N = 5 to 16).
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the same tissue over a period of time [19—21]. 23Na NMR has, in
fact, been used to estimate intracellular sodium in pieces of frog
skin [21]. No attempt was made to separate the solutions
bathing the serosal and mucosal surfaces of the tissues in those
early experiments, however.
We have shown that the shift reagent dysprosium tripoly-
phosphate at a concentration of 1 m appears to have no
significant effect on the physical integrity of the toad bladder or
its ability to initiate a physiologic response on hormone stimu-
lation. This same concentration does allow for a satisfactory
separation of the extracellular from intracellular sodium em-
ploying 23Na NMR. It is important to note, however, that
dysprosium tripolyphosphate will, to a certain extent, complex
with calcium in the Ringer's solution, functionally lowering the
concentration of ionized calcium. In our experiments, the
ionized calcium measured by ion electrode decreased from 0.89
mM to approximately 0.1 to 0.2 mrsi. As can be seen from the
data presented, this decrease in extracellular calcium ion was
not sufficient to affect the toad bladder integrity or its physio-
logic response to vasopressin. Bentley noted that bladders
bathed in amphibian Ringer's solution containing 0.27 mM
calcium were relatively impermeable to water similar to con-
trols in the unstimulated state and exhibited a normal hydroos-
motic response to vasopressin [6]. Only when the serosal
calcium was lowered to 0.027 msi did the bladders demonstrate
fluid loss in the absence of vasopressin and a diminished
response to the hormone. These findings combined with our
own indicate that the residual calcium present in the serosal
bath containing the shift reagent is physiologically adequate.
The signal not shifted by the dysprosium tripolyphosphate
was assumed to reflect the intracellular unbound sodium activ-
ity, but it is conceivable that a small amount of sodium in the
extracellular space was somehow "sheltered" from the shift
reagent, as one might see with an unstirred layer effect. Since
the intracellular sodium signal remained constant over serial
measurements, we assumed that if any of the extracellular
sodium was "sheltered" from the shift reagent, the amount of
sheltered sodium ions remained constant over time. During
peak hormone stimulated water flow, intercellular "lakes" form
theoretically limiting the access of the shift reagent to extracel-
lular sodium. In our studies, inulin, an extracellular marker with
a higher molecular weight than dysprosium tripolyphosphate,
appeared to reach a near steady state distribution along the
serosal surface of vasopressin-stimulated bladders in approxi-
mately five minutes. Assuming the shift reagent followed a
pattern similar to inulin, sodium in the intercellular "lakes"
should have been exposed to the dysprosium. Even if one
recalculated the data on the premise that there might be as
much as a 20% overestimation in the Na1 signal from vaso-
pressin-stimulated tissues, bladders undergoing hormone in-
duced water flow would still demonstrate an increase two times
above baseline readings. Thus, the shift reagent appears to
reach a steady state distribution fairly rapidly and the introduc-
tion of a significant error would not alter the conclusion.
The other concern with this method was that of NMR
intracellular sodium visibility. It is known that in some cell
types, the intracellular 23Na is sufficiently immobile that a
detectably narrow NMR line is observed only from one of the
three m 1 transitions of this I = 3/2 nucleus [22]. The
observed transition carries only 40% of the intensity which
would be seen from a homogeneous solution containing Na at
the same concentration. Thus, it might be argued that an
increased intracellular Na signal could be due to increased
"visibility" of the Na rather than a change in the total quantity
in the intracellular space. If the broad component of the signal
were initially undetectable, however, the width of the narrow
component would be inversely proportional to the square of a
correlation time, t, characterizing the mobility of the nucleus,
as well as proportional to the mean square electric field gradient
[23]. A change in either of these parameters sufficient to render
the broad component detectable should, therefore, simulta-
neously give rise to a change in the line width of the observed
signal. While changes of up to a factor of 2 in line width have
been noted from sample to sample in the present study, these
changes appear random and are not associated with changes in
the areas of the intracellular Na peaks. We conclude that
vasopressin-induced changes in the average microenvironment
of 23Na nuclei cannot be responsible for the observed increase
in intensity of the intracellular Na signal.
Our data are consistent with the view that as the hydroos-
motic response to vasopressin reaches its peak, the intracellular
sodium increases by about 2-1/2-fold associated with an approx-
imate doubling in size of the transporting toad bladder granular
epithelial cell U]. Although the granular cell is the cell type
most associated with the physiological responses to vasopres-
sin, it is possible that all the other cell types in this tissue could
contribute to the increased sodium signal observed. Since no
sodium was present in the mucosal bathing medium, the in-
crease in sodium observed must have come from either mobi-
lized intracellular stores which had been previously NMR
"invisible" or more likely from the serosal bathing medium. At
the present time we do not know which process or processes
are involved with the transport of sodium into the cell during
the peak hydroosmotic response to vasopressin. However, it is
possible that vasopressin may influence either some form of
volume-dependent coupled ion transport involving sodium or
sodium-calcium ion exchange in this tissue. Both processes
appear to exist along the basolateral membrane of frog skin or
toad bladder [7, 10—12]. What is clear is that the change in
intracellular sodium appears linked to the shape change in cell
size rather than the exposure to the hormone alone. It is
interesting to note that once vasopressin is removed from the
bath, the intracellular sodium ion activity returns towards
baseline but only after a prolonged period of time. This is
somewhat surprising since the vasopressin induced change in
cell volume and intracellular pH revert back to baseline with the
removal of the hormone are much more rapid, occurring within
30 minutes rather than 90 or more minutes required for resto-
ration of intracellular sodium [24]. Again the various transport
processes involved with the restoration of intracellular sodium
are unknown at this point.
In summary, 23Na NMR is a useful noninvasive way to
monitor qualitative changes in intracellular sodium ion activity
over a period of time. Tissues tolerate the shift reagent,
dysprosium tripolyphosphate in low concentrations sufficient to
separate the intracellular from extracellular signals on scans.
Lastly, vasopressin induced water movement is associated with
an apparent influx of sodium across the basolateral membrane.
The removal of the hormone leads to the eventual restoration of
intracellular sodium to prehormone treatment levels.
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